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Influence of the size and skin thickness of apple varieties on the retrieval of internal optical properties using Vis/NIR spectroscopy: A Monte Carlo-based study
Introduction
Understanding the fundamental light-tissue interaction processes is an important step towards the development of medical imaging, laser therapy, and systems to measure features of a variety of fruits. Over the past decade, a great interest was centred onto the optical characterization of agricultural and food products, by way of non-destructive tests (Nicolai et al., 2007; Zude, 2008) . Conceptually, when a collimated light beam strikes a biological tissue, a fraction of the radiation is reflected at the boundary, whereas the remaining part penetrates the target. Multiple scattering and absorption act for beam broadening and dispersion, thus contributing to determine the overall light attenuation. The feature physical parameters related to these events are the scattering coefficient l s (the number of scattering events per unit length), the absorption coefficient l a (the number of absorption events per unit length), and the relative refractive index n r (Tuchin, 2007) . Due to anisotropy in light propagation, the reduced scattering coefficient l 0 s = l s (1 À g) is often used and defined in terms of l s and of the angular dependence of scattering, where g is the average cosine of the scattering angle. In the case of multiple scattering, the incident light intensity decreases exponentially according to the effective attenuation coefficient l eff ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 3l a ðl a þ l 0 s Þ p ; whose reciprocal 1=l eff represents the light penetration depth at 1=e ($37%) (Wilson and Jacques, 1990) . Light scattering is primarily due to structural changes which occur in the turbid material (membranes, vacuoles, particle size, interfaces between cells). Light absorption is mainly determined by chromophores and chemical constituents (chlorophyll, sugar, water, haemoglobin). Owing to a similar spectral feature trend in the visible and near-infrared range (Taroni et al., 2003) , fruits and human tissues may be investigated using the basic concepts which refer to the tissue optics (Welch and van Gemert, 1995) . In this field of research, the first goal is to develop efficient methods by which absorbing and scattering properties of tissues can be retrieved. The second goal is to compute light propagation by means of analytical or numerical models using the optical properties as input parameters. Optical spectroscopy methods are concerned with two classes of radiation regimes which require to making use of very different types of light source and detector (see Gibson et al. 2005) . The former (spatially-resolved spectroscopy) uses a continuous source of illumination, and consists in recording the re-emitted light intensity (by optical fibre setup or CCD camera) at various source-detector distances, on the tissue boundary. The measured reflectance profile may be then fitted by an appropriate mathematical framework to extract the optical parameters l a and l 0 s of the interrogated tissue. The second (time-resolved spectroscopy) measures the temporal broadening of an initial short light pulse as it interacts with the tissue sample. The broadened pulse shape recorded at a specified distance from the source impact (by photon-counting detectors, i.e., time-correlated single photon counting -TCSPC) contains quantitative information related to times of flight and intensity levels. Thus, measurements of the time-dependent propagation characteristics of short light pulses in tissues present the major feature to separate the contributions of absorption from scattering. This allows to precisely assess the tissue optical properties (l a and l 0 s ), provided that an appropriate diffusion model is used in a fitting procedure.
Apple species have been the subject of experimental and theoretical studies based on light transport process. Cubbedu et al. (2001) reported on the use of time-resolved spectroscopy to assess the optical properties of apples and fruits in the wavelength 650-1000 nm. Qin and Lu (2008) developed a novel spatially-resolved hyper spectral diffuse reflectance imaging for measuring the optical properties of fruits including apples and vegetables. They showed the interest to take into account the (approximated) spherical shape of the apples and then corrected the data acquired by a camera on the basis of acceptance angle of the optical system. Saeys et al. (2008) studied the optical properties of apple skin and flesh samples in the wavelength range from 350 to 2200 nm, using single integrating sphere combined with inverse adding-doubling technique (Prahl, 1995) . They emphasized the role played by the skin, and then suggested to model the apple as at least a two-layer structure comprising the skin and the flesh. Other works based on laser light backscattering image analysis (Park et al., 2003; Lu, 2004; Lu and Peng, 2007; Peng and Lu, 2008) have been also developed for predicting firmness and soluble solid content in apple varieties. More recently, Nguyen DoTrong et al. (2014) evaluated an original non-destructive concept based on a metamodelling approach in combination with short source-detector distances (0.3-1.2 mm), for apple quality assessment.
Besides these experiments, which often require the use of the diffusion approximation model (in direct or inverse mode), mathematical methods have been applied to numerically model the complex light-tissue interaction. Finite element (Arridge et al., 1993; Aydin et al., 2005; Deulin and L'Huillier, 2006) , Boundary element (Fedele et al., 2005) and discrete ordinates (Tuchin, 1997) methods have successfully been used to model light transport in various turbid media. Monte Carlo method previously reported by Wang et al. (1995) has been often adapted to predict light propagation in multilayered tissues such as human head (Okada et al., 1997; Boas et al., 2002; Mansouri et al., 2010; Vaudelle and L'Huillier, 2013) , skin (Verkruysse et al., 1993) , aorta (Keijzer et al., 1989) and in other tissue arrangements (Zolek et al., 2006; Guo et al., 2008) . The Monte Carlo method seems also to be especially promising in the context of food and agricultural products. Fraser et al. (2003) modeled a mandarin fruit as homogeneous sphere (50 mm) of tissue surrounded by an infinitesimally thin reflective boundary. They showed that Monte Carlo (MC) simulations can approximate experimental light levels in the flesh, along selected axial directions. performed simulations by using a MC code and reported the major features of light transport in apples. Baranyai and Zude (2009) investigated the laser light propagation inside kiwi fruit by means of backscattering imaging and modeling based on Monte Carlo method. Wang and Li (2013) provided fundamental understanding of optical properties of onion tissues and light propagation in onion bulbs at 633 nm, by performing measurements and Monte Carlo simulations.
In fact, the boundary curvature is critical for modelling the light propagation because the penetration depth 1/l eff will be significant compared with the fruit size. According to Wilson and Jacques (1990) , the fruit surface cannot be viewed as a plane air-tissue interface (semi-infinite model) if the model radius is less than 12/l eff . This simplification would require very large size fruit with radii greater than 219 mm for l a = 0.001 mm À1 and l s 0 = 1 mm À1 , or 68 mm for l a = 0.01 mm À1 and l s 0 = 1 mm À1 . These radii are largely greater than the mean known values of 32 mm (Keshavayzpour and Rashidi, 2011) or 40 mm (Qin and Lu, 2008) for practically encountered apple varieties. Furthermore, the individual components such as skin and flesh, which have distinct optical properties, may be also considered to model at best the apple structure.
In this paper, Monte Carlo simulations are performed on apples assimilated to a spherical shape. Computational results are presented for cases of time-resolved reflectance and spatially-resolved tissue-arrangements, using different sourcedetector configurations. Time-dependent and steady-state signals were generated from the consideration of geometric parameters and optical properties (flesh and skin) as reported in the literature for different apple species.
Specific objectives of this research were to:
Develop a Monte Carlo code and test its usefulness using a systematic comparison between generated signals and those derived from analytical solutions in semi-infinite and spherical configurations. Examine the effects of apple size and skin features on the assessment of flesh optical properties, using inversion procedures based on mismatched diffusion models of a semi-infinite homogeneous medium. Give information on source-detector distances that provide best internal estimates, taking into account the skin layer overlying the flesh.
Material and methods

Monte Carlo model
Monte Carlo (MC) simulations were performed to model the light propagation inside and at the boundary of a two-layer apple tissue. At this stage, the apple is modelled as two centred homogeneous spheres whose difference between the radii is equal to the (thin) skin thickness, whereas the inner sphere contains the flesh ( Fig. 1(a) and (b) ). The code provided by Wang et al. (1995) was essentially modified to simulate the time-domain reflectance spectroscopy (Vaudelle and L'Huillier, 2013) , where a very short light pulse ($4-5 ps) enters at one point at the edge of the spherical model, experiences complicated paths inside the two-layer turbid model, before reaching the detector located at some distance from the light entry point. The detector will then measure photon time-of-flight distributions which are comparable to those recorded in TCSPC operations.
Photons (packets of photons) were injected into the turbid medium from a point along the z direction ( Fig. 1(c) ) and their paths were followed, taking into account absorption, diffusion and refraction rules, until they were scored at the detector. According to the reference code described by Wang et al. (1995) , these different events occur during the application of random numbers X i , in the interval [0, 1] . In brief, a weight W is assigned to each group of photons, with a starting value W 0 = 1. The step size, S, between successive interactions is computed as S = Àln(X 1 )/(l a + l s ), where the mean free path 1/(l a + l s ) represents the mean distance between absorption or scattering events. At each interaction point, the weight W k of a group of photons is reduced by the fraction l a /(l a + l s ), so that
is verified (a technique called as ''Russian roulette'' is then used to update the weight of the group of photons). Once the group of photons has been moved and its weight W k decremented, the photons are ready to be scattered. A test based on the comparison between the cosine direction u r ! and the previous u r ! 0 through the relation
Þ (derived from the HenyeyGreenstein model) is used to predict the scattering scenario.
Snell's law with Fresnel's law are also considered to decide whether or not photons are reflected (transmitted) by the airtissue boundary or transmitted from the first region (skin) into the second layer of interest (flesh). These approaches require more formulae in case of spherical surface than for a plane surface. Then, the location of the contact point M S with the sphere may be determined, whereas the calculation of the coefficient of reflection
; u M S ! allows to test the refraction. The change of direction occurring in case of reflection from M S involves that
The Monte Carlo simulations require to use the optical parameters, which are assigned to each bulk layer composing the apple model. For convenience, the absorption and reduced scattering coefficients which are related to the skin and flesh are respectively
. On the other hand, the photon source may be adapted to the structure of the apple model. If the apple is reduced to an homogeneous spherical geometry (flesh), then the photons are launched at the depth 1/l
, according to an isotropic point source. When the two-layer spherical model (skin and flesh) is considered, a random isotropic source acting at the skin surface is used, with a radius equal to the mean free path of the flesh 1/(l a
). This allows to overcome the difficulty in modelling the photons entrance through a very thin skin layer (thickness < 1/l 0 s (S) ).
The computed data also depend on the time t i spent by escaping photons and on the definition of the source-detector distance. The time t i is calculated as t i = n r L i /c, where L i is the total path-length of the photons, c the velocity of light in the vacuum, and n r the refractive index of each component (skin or flesh). The uncertainty, DL i , linked to L i was evaluated to 1 mm. The light input can be considered as a pulsed source of short duration n r DL i /c = 4.6 ps. Therefore, each generated output time-dependent signal can be assimilated to the impulse response of the simulated model. The source-detector distance on the periphery of a sphere of radius r s may be defined by the curvilinear distance r s h or by the projected radial distance q = r s sin h. Each defined source-detector distance can be easily computed for a given source-detector angle h. Unless otherwise specified, the source detector distance used in the simulations (Section 3) corresponds to the projected radial distance q = r s sin h. The Monte Carlo model was developed on the base of the free software SCILAB, and implemented on a Personal Computer (Processor Intel Core i5, 2.60 GHz). Globally, the simulations were run with $10 5 to $4 Â 10 6 photons, thus depending on the absorption coefficient of the considered medium. 
Optical properties of apples
The optical parameters of the flesh and the skin (or peel) are listed in Tables 1 and 2 , respectively, for different apple varieties. The data related to the flesh have been reported by authors who worked with hyperspectral steady-state method, (SSM), (Lu et al., 2006; Saeys et al., 2008; Lu et al., 2010; Nguyen DoTrong et al., 2013) or with Time-resolved reflectance spectroscopy, (TRS), (Cubeddu et al., 2001a,b; Vanoli et al., 2009; Vanoli et al., 2013) . As shown Table 1 , the data well highlight the variation in optical properties observed between and within apples. They also suggest that the flesh optical properties are largely dependent on the maturity of the fruit, but are also sensitive to the measurement positions on the same apple and more simply to the technique which is used (SSM or TRS). The skin features listed Table 2 include histological data and optical properties. The thickness of the skin has been detailed by Homutová and Blažek (2006) , Zamorskyi (2007) , and , whereas the thickness of the peel added to the cuticule has been measured by Verboven et al. (2013) and Konarska (2013) . We note that the thickness of the apple skin ranges from 30 lm to $180 lm, whereas the mean cuticule thickness amounted to $28 lm.
Finally, according to Saeys et al. (2008) , the absorption coefficient measured in two bulk layers: skin and flesh, was found to be much higher in skin tissue ($0.075 mm À1 ) than in flesh tissue. Moreover, apple skin tissue was found to be approximate by three times (3-5 mm À1 ) more scattering than the flesh tissue. To our knowledge, other skin optical parameter sets have not been yet reported.
For both tissues, skin and flesh, the anisotropy factor g was fixed at 0.8. This value agrees with experimental data reported by Saeys et al. (2008) who showed that g was about 0.6-0.7 for some apple species, and also corresponds to the mean of measured values (0.7-0.9) for various biological tissues (Cheong et al., 1990) . It is still interesting to note that varying g in the range 0.7-0.9 does not affect notably the Monte Carlo simulations (Pifferi et al., 1998; Alerstam, 2011) .
Tests and fitting procedures 2.3.1. Time-resolved mode
The computational results related to the time-resolved mode were obtained in three steps.
(i) MC temporal profiles in homogeneous semi-infinite and spherical geometries were computed and compared with those derived from the solutions of the time-dependent diffusion equation for different source-detector distances.
(1) for the semi-infinite geometry we used the solution reported by Contini et al. (1997) F Sem ðq; tÞ ¼ e 
where F Sem (q, t) is the output flux from the medium, which is function of the time t and of the source-detector radial dis-
is the distance between extrapolated and real boundaries, c/n r is the speed of light in the medium, and 
(2) for a sphere of radius r S we used the solution given by Pogue and Patterson (1994) (ii) MC simulations were run for a simplified spherical geometry with different radii, where the skin and flesh were assigned to the same optical properties. This tissue arrangement offers some guidelines to examine the applicability of the simple solution of the semi-infinite model (Eq. (1)) in fitting procedures to retrieve the optical properties of the flesh, in case of a spherical geometry. To retrieve the optical properties of the flesh we used two different fitting procedures. The first is based on the determination of l 0 s from the ratio of two intensity measurements F(q 1 , t) and F(q 2 , t) acquired at two source-detector radial distances q 1 and q 2 (q 2 > q 1 ) during the same time delay t. According to (Martelli et al., 2000) , this is accomplished by the use of the relationship Table 1 Optical parameters of the apple flesh reported by authors who worked with steady-state hyper spectral method (SSM) or with time-resolved method (TRS).
Wavelength range (nm) References The second fitting procedure uses the Levenberg-Marquardt algorithm to arrive iteratively at the best estimates of l a and l 0 s from the temporal MC simulations, F(q, t). (iii) MC simulations were performed for the two-layer spherical geometry, in order to quantify the errors in the retrieved optical properties of the flesh, as functions of the sphere radii, skin thickness, skin optical properties and sourcedetector distances.
Spatially-resolved mode
As a second interest we have also focused on the retrieval of internal optical properties from the spatially resolved light intensity caused by the curved apple surface. For this, the apple was still considered as a simple homogeneous sphere or as a two-layer spherical model including the skin. The data analysis procedure refers to the steady-state diffusion theory model R(q) previously described by Farrel et al. (1992) ,
where
, and a
This analytical equation predicts the spatially-resolved scattering profile at the surface of the semi-infinite medium, which is dependent upon source-detector radial distance q and optical properties l eff and l
To retrieve l 0 t and l eff (and also l a ¼ All above mentioned fitting procedures (Sections 2.3.1 and 2.3.2) were conducted with the Least squares routine solver of SCILAB (lsqrsolve function). Table 3 lists the whole fitting procedures related to the time-resolved mode (Eqs. (1) and (3)) and spatially-resolved mode (Eq. (4)), which have been performed on spherical apple geometries with and without skin layer.
Note that Eqs.
(1), (3) and (4) have been established under the assumption of the diffusion theory. This involves to locate the source at depth 1/l 0 s , below the physical tissue surface and set the zero-fluence boundary at a certain height above the surface z b = 2AD (Extrapolated boundary conditions EBC).
It should be emphasized that the validity of diffusion theory is limited to cases of tissues where the light has been highly scattered. This effect depends on the average distance between scattering centres 1/l Then, the fundamental requirement for diffusion theory is that l a ( l 0 s . This condition is well fulfilled in the database shown Table 1 . It is also preferable to consider light far away from the source, or to disregard a large part of the leading edge of the recorded temporal data (Pifferi et al., 1998) . This latter point will be discussed below. Fig. 2(a) and (b) compare time-resolved reflectance solutions, F Sem (q, t) and F Sph (r S , h, t) respectively, with Monte Carlo simulations performed from a sphere radius r S = 1000 mm (assimilated to a semi-infinite medium) and a sphere of radius 30 mm. The curves were generated for three source-detector radial distances q = 7 mm, 11 mm, and 15 mm (Fig. 2(a) ), and for three curvilinear source-detector distances S-D = 7 mm, 11.25 mm, and 15.7 mm (Fig. 2(b) ), with the following optical parameters l a = 0.01 mm
Results and discussion
Validation of Monte Carlo simulations
À1 and n r = 1.4. Monte Carlo temporal data were successfully fitted by the relationship (Kienle and Patterson, 1996) ln(F(t)) = A 0 + A 1 ln t + A 2 (ln t) 2 + Á Á Á + A n (ln t) n , which has the main Table 2 Thickness and optical properties of the apple skin reported by several authors.
Apple varieties Thickness of the «Skin» (1), (2), (5), (6) (lm)
Thickness of the Skin Peel with Cuticle advantage to smooth noisier data at large time values. As expected (Alerstam, 2011) , we note in each figure that the deviation from the Monte Carlo simulations occurs at early times. This shows that early-arriving photons are likely not to be described by a model based on the diffusion approximation (with EBC). For longer times, it can be observed that there is better agreement between Monte Carlo simulations and diffusion results. Nonetheless, for the case of the spherical sample ( Fig. 2(b) ) good convergence of temporal profiles at longer photon flight times was obtained by increasing the number of Bessel functions up to 160. These findings show that in the fitting procedures based on diffusion models it is necessary to chose a fitting range that discards the early photons of Monte Carlo temporal data.
3.2. Apple considered as a homogeneous spherical medium 3.2.1. Effect of the sphere radius
In this sub-section we considered the apple as a simplified spherical geometry comprising the flesh with several radii (10 mm < r S < 1000 mm). The temporal MC simulations were performed using the following optical parameter sets l , whose combination covers a large range of optical properties of different apple varieties (see Table. 1). To compute l 0 s from Eq. (3) (first fitting procedure) time delay values were chosen such as these are positioned farther on the peak intensity of both time-dependent signals F(q 1 , t) and F(q 2 , t), preferentially in the falling edge of each signal. Then, the method has the advantage to explore the regions where multiple scattering occurs, even if the source-detector distances are not too large. Moreover, ten time delay values were considered to obtain a set of l 0 s , but only the averaged value of l 0 s was retained in the fitting procedure. The results computed for q 1 = 3 mm and q 2 = 7 mm are shown in Fig. 3(a) , whereas the corresponding retrieved l a values are displayed Fig. 4 . To test the dependence of the l s 0 value on the source-detector distances q 1 and q 2 , other simulations were performed using q 1 = 5 mmq 2 = 7 mm and q 1 = 7 mm-q 2 = 11 mm. No systematic improvement on the averaged l s 0 value presented Fig. 3(a) was found, as long as the time delay values are positioned on the falling part of both F(q 1 , t) and F(q 2 , t) curves. The second fitting procedure uses the Levenberg-Marquardt algorithm to arrive iteratively at the best estimates of l a and l 0 s from the temporal MC simulations, F(q, t). The time range for the nonlinear regression was chosen as follows: -the start time was defined as the time to reach 70% of F max (q, t); -the end time was the time at which F(q, t) has decreased up to F max (q, t)/100, where F max is the maximum value of the reflectance curve. An initial guess of l (Fig. 3(a) ) and 8% (Fig. 3(b) ) for 0.6 mm À1 , 19% (Fig. 3(a) ) and 12% ( Fig. 3(b) ) for 0.8 mm À1 , 14% for 1 mm
À1
, and 12% for 2 mm À1 . Above r S = 100 mm, and up to 1000 mm, errors are less than 2%, and the retrieved l 0 s values are not very influenced by the sphere radius. Globally, a similar trend is shown Fig. 3(a) and (b) , especially when l 0 s > 0.6 mm
, whatever the fitting procedure may be. However, the dispersions of the retrieved l 0 s values are mainly caused by the uncertainties of the MC Table 3 General view of fitting procedures related to the time-resolved mode (Eqs. (1) and (3) ) and spatially-resolved mode (Eq. (4)), which have been performed on spherical apple geometries with and without skin layer. On the whole, the retrieved l a values using the first method (Fig. 4) appear less dependent on the sample radius than those obtained with the second procedure (Fig. 5) . This can probably be explained by the fact that the first method is based on the assumption that l a ( l s 0 , which increases the errors in l s 0 and thus reduces by compensation the errors linked to the estimated l a values. In contrast, the retrieved l a values (Fig. 5) using the whole Levenberg-Marquardt algorithm (second fitting method) decrease progressively as a function of the sample radius. Interestingly, the trends, displayed Figs. 3(b) and 5, agree well with those reported by Pogue and Patterson (1994) and Sassaroli et al. (2001) who studied the effects of the sample curvature, using frequency-resolved and time-resolved measurements, respectively.
Effect of the source-detector distance
The effect of varying the source-detector distances from 5 mm to 15 mm is shown in Fig. 6(a) and (b) . All results were obtained using only the second fitting procedure. It is clear from Fig. 6(a) , that the semi-infinite model (available for r s = 1000 mm) recovers the absorption coefficient l a better than 10% for source-detector radial distances greater than 9-10 mm, and the l 0 s better than 5% for source-detector distances in the range 7-15 mm. However, the description of light propagation inside a spherical geometry based on a semi-infinite model appears inaccurate as the sphere radius is decreased (r s = 40 and 30 mm). Although a notable improvement is found in the retrieved optical properties when a specified source-detector radial distance of 15 mm is chosen (see Cubeddu et al., 2001; Toricelli et al., 2008) , l a is overestimated by $50% and l 0 s underestimated $8-10%, for r s = 30 mm or 40 mm.
In Fig. 6 (a) and (b), the detector position used in the fitting procedure was also computed along the curved surface of the spherical apple model (r s = 30 and 40 mm). As shown, no difference is found in the values of the retrieved l a , but large errors in the reduced scattering coefficients are expected for curvilinear source-detector distances lesser than 7 mm and greater than 15.7 mm. In this case, we found results similar to those of Sassaroli et al. (2001) , who showed that an optimal range of the curvilinear source-detector distance is required to minimize the errors in l 0 s .
Curved surface steady-state reflectance
Spatial profiles were obtained by integrating the temporal data acquired over the full projected source-detector distances ranging from 1 to 29 mm, by steps of 1 mm (r s < 30 mm) or 2 mm (r s P 30 mm). The use of the projected distance, i.e. the sourcedetector radial distance q, mimics the imaging arrangement previously described by Qin and Lu (2008) . The transformed spatial profiles were then normalized with respect to the value defined at 3 mm. The simulations were performed using l 0 s and l eff in case of using the second fitting procedure.
Figs. 7(a) and (b) and 8 display the fitting results obtained for both l s 0 and l a , and l eff , respectively. Perhaps more importantly, the previous trends (see Section 3.2.1) in l a and l s 0 are shown Fig. 7(a) and (b) . However, the l a and l s 0 values retrieved with the Levenberg-Marquardt algorithm (second procedure) are less dependent on the sphere radius than those assessed with the first fitting procedure (initiated Levenberg-Marquardt algorithm). This is mainly due to the inaccuracy of assessing l eff in case of low sphere radius (or large curvature), owing to boundary effects. The insert of the Fig. 8 shows that the determination of the slope Àl eff remains more difficult as the radius of the sphere is decreased. This means that the individual estimates of l eff are more overestimated than those calculated from the retrieved l a and l s 0 values through the relationship l eff = [3l a (l a + l s
To avoid large distortion in the diffuse reflectance signals, the fitting range was next limited to 15 mm, using a start distance of 1-3 mm with steps of 1 mm. The corresponding retrieved values obtained with this second fitting procedure are shown in (2008), which showed the interest to fit the reflectance curves up to 10 mm, in order to reduce the curvature effects of the apples.
Apple considered as a two-layer spherical geometry
In this sub-section, we investigate how the skin which surrounds the flesh of the apple affects the retrieved values of the internal optical properties. The Monte Carlo simulations, performed to answer to this debatable point, refer to tissue arrangements using steady-state and time-resolved spectroscopy methods. For this, we always used the second fitting procedure. As a general recipe, we start the fits using l s 0 = 4 mm À1 À l a = 0.005 mm Fig. 7(a) and (b) , whereas the second set refers to the true optical parameters of the flesh. The other optical parameters used in the simulations concern the apple skin for which l a (S) = 0.05 mm À1 and l 0 s (S) = 4 mm À1 (see Saeys et al., 2008) . The skin thickness was varied from 0 to 140 lm, according to the data listed Table 2 , and conveniently extended from 250 lm to 500 lm (see and Saeys et al., 2008) .
The results obtained by simulating the steady-state reflectance curves (limited to 15 mm or 29 mm) are shown in Fig. 9(a) . Although the skin is a high diffusing layer medium, the ratio l s 0 /l s0 0 is practically insensitive to the skin thickness. Then, considering a realistic skin thickness of 100 lm or even 180 lm, the maximum error in the retrieved l 0 s values is on the order of 2.5% or 5%, for an apple with a radius of 30 mm. In the same conditions, the semi-infinite tissue arrangement (r s = 1000 mm) exhibits an error on l 0 s less than 2%.
In contrast, the retrieved l a values depicted in Fig. 9(a) lead to an error of about 20% or 35% for an apple of radius 30 mm covered by a skin layer of thickness 100 lm or 180 lm. As might be expected, the skin acts like a thin protective layer which can also affect the amount of light which propagates in the flesh. This is illustrated in Fig. 9 (b) and (c) where the isofluence lines are drawn in the equatorial plane of an apple (r s = 30 mm) with and without skin (peeled apple). The thickness of the apple skin is successively fixed at 100 lm (Fig. 9(b) ) or at 55 lm and 250 lm (Fig. 9(c) ). It is clear from the fluence patterns, that the thickness of the skin modulates the depth penetration of the light in the flesh. Moreover, it is also interesting to note that the simulations related to an apple of radius 30 mm with ( Fig. 9(a) ) and without skin ( Fig. 7(a) and (b)) lead practically to the same errors in the l 0 s ($2.5-5%) and l a (20-35%) estimates. This is consistent with the fact that the shape of the spatially resolved curve is minimally affected, except for points close to the source. However, the accuracy is largely dependent on the fitting range which was fixed for a generated reflectance curve. At this stage, a large amount of major pigments content (i.e., chlorophyll and anthocyanin) in apple skin cannot be ignored (Qin and Lu, 2008; Cubbedu et al., 2001 ). The presence of the apple skin is all the more evident because the sourcedetector distance fibre-optics is small (Nguyen DoTrong et al., 2014) . Consequently, a greater absorption coefficient assigned to the skin layer in the Monte Carlo model could better demonstrate that steady-state measurements reflect the influence of both skin (surface) and flesh (sub-surface) tissues. This issue should be investigated in more detail in further studies. The results obtained by simulating the time-resolved reflectance method are plotted in Fig. 10(a) and (b) , for the spherical (r s = 30 mm) and the semi-infinite (r s = 1000 mm) geometries.
Inspection of the data reveals similar trends to errors in l a and l 0 s as those depicted in Fig. 9(a) . However, the error in l 0 s reaches about 10% for the above considered apple sample (r s = 30 mm, skin thickness = 100 lm, source-detector distance = 7 mm).
Furthermore, the computations suggest that larger sourcedetector separations (relatively to 7 mm and 11 mm) will provide better measurements of the flesh optical properties from an intact apple.
Effects of the source detector spacing
In Fig. 11(a) and (b) , the effects upon the l a and l s 0 estimates due to changing the source-detector spacing are examined for an apple of radius 30 mm and for a semi-infinite geometry (r s = 1000 mm). In both cases, the flesh tissue was assumed to be covered by a skin layer of thickness 100 lm, with l a . Two distinct trends are shown in Fig. 11(a) and (b) . When the reduced scattering l 0 s (f) (Fig. 11(a) ) and absorption l a (f) (Fig. 11(b) ) coefficients of the flesh are lesser than the corresponding values of the skin, the estimates decrease rapidly as a function of the sourcedetector separation (from 5 to 7 mm), and then tend to get more stabilized (from 7 mm to 15 mm). In contrast, when the optical properties of the flesh are close to those of the skin (l a (f) = 0.03 -
) the estimates slightly decrease as a function of the source-detector distance (from 5 to 15 mm). In both cases, we note that the accuracy of the measurements is better with a source-detector distance of 15 mm. Fig. 12 (a) and (b) depict the spatial sensitivity profiles for an apple model (r s = 30 mm), at source-detector distances of 7 mm . We note that the spatial sensitivity profiles represent the well known banana-shaped pattern (Feng et al., 1995) , and that the light penetrates deeper regions in the flesh if the source-detector spacing increases from 7 mm to 15 mm. When the flesh is considered as a highly scattering medium (l 0 s (f) = 2 mm À1 and l a (f) = 0.003 mm À1 ), the influence of the skin on the light propagation seems reduced, whereas the spatial sensitivity profiles are less distinguishable from a banana's shape (Fig. 12(c) and (d) ). Nevertheless, the penetration depth of the light inside the flesh increases from 10 mm to 15 mm as the sourcedetector distance increases from 7 mm to 15 mm. Finally, when the flesh is absorbing (l a (f) = 0.03 mm À1 ), with moderate scattering (l 0 s (f) = 0.8 mm À1 ), the photon density remains high in the skin and the flesh for a source-detector equal to 7 mm (Fig. 12(e) ). In spite of the absorption level, the light penetration in the flesh increases as the source-detector distance increases from 7 mm to 15 mm (Fig. 12(f) ).
The accuracy of the time-resolved reflectance measurement for the assessment of l a and l s 0 in a turbid medium (plane or curved) increases with the source-detector distance (Cubeddu et al., 1996 , Sassaroli et al., 2001 . Our results agree well with this observation, but they also show that measurements performed on apples with a source-detector of 15 mm is sensitive to the flesh optical properties (see Cubeddu et al., 2001; Torricelli et al., 2008) . With this tissue-arrangement, the flesh is probed to a depth of about 10-15 mm (see Fig. 12 It is still interesting to compare the errors in l a and l s 0 estimates related to the flesh of an apple of radius 30 mm covered Fig. 12 . Sensitivity profiles computed for an apple model of radius 30 mm, covered by a skin layer of thickness 100 lm. The profiles were generated with the same optical parameter sets as those used in Fig. 11. (a, c, e) Source-detector radial distance q = 7 mm and (b, d, f) source-detector radial distance q = 15 mm.
Table 4
Errors in the l a and l' s estimates of the flesh for a spherical apple (r S = 30 mm) with and without skin. The data were generated for S-D = 15.7 mm, skin thickness 100 lm, with the same optical parameter sets of the flesh and skin as those used in Fig. 11 .
Optical parameters set of the flesh inside a sphere of radius r s = 30 mm:
Optical parameters calculated at the distance S-D = 15.7 mm: by a skin layer of thickness 100 lm or without skin (peeled), when the source detector is fixed at 15 mm. The results displayed in Figs. 11(a) and (b) and 6(a) and (b), and computed with
show comparable errors in the estimates: 2% (l 0 s ) -50% (l a ) for covered apple and 6% (l 0 s ) -55% (l a ) for a peeled apple. Other results (see Table 4 ), show that the errors in the estimates are systematically on the same order for intact and peeled apples.
As above discussed, the skin layer behaves like a thin absorbing-diffusing medium which contributes to attenuate the intensity of the re-emitted light at a given point of the surface. At the location of the detector (15 mm from the source), we verified that the shape of the computed re-emitted signals is minimally affected by the presence of the skin. Despite the fact that the skin layer is highly diffusing (l 0 s (S) = 4 mm À1 ), these results strengthen the previous hypothesis formulated by Cubeddu et al. (2001) , that the photons spend little time for travelling the skin, before being probed at the surface. In these circumstances, the absorption and scattering estimates of the flesh are very few influenced by the skin. Consequently, the errors linked to these estimates may be largely attributed to the finite curved boundary over which the measurement is accomplished. Improvements may be obtained, mainly in the l a estimates, if a mismatched curved geometry is used (see Eq.
(2)) in the fitting procedure (Sassaroli et al., 2001 ). However, the price paid for this is essentially to increase the time needed for the convergence to the final values. On the whole, the time required for the fittings of the Monte Carlo data with the solution established for a semi-infinite geometry (Eq. (1)) does not exceed 1 s.
Conclusions
The effects of the size and the skin of apples on the assessment of optical properties of the flesh have been investigated in this paper. To this end, apples have been modelled as a two layer spherical model with various radii, and comprising two distinct bulk layers such as skin and flesh. Monte Carlo simulations were then performed to mimic time-resolved reflectance measurements, or by integrating over time the data, steady-state reflectance measurements. In both cases, the absorption and reduced scattering coefficients were estimated from fitting the reflectance data with standard solutions of the diffusion approximation for a semi-infinite homogeneous medium.
When the apple is modelled as a simple homogeneous spherical structure (without skin), the finite curved boundary results in an overestimation of l a and underestimation of l 0 s from their respective true values. The errors in the estimates tend to increase with decreasing the radius of the apple model. However, the errors in the l a estimates are always greater than those estimated for l 0 s . This may be due to the lost of photons at the curved boundary, an effect which is not accounted for in the semi-infinite diffusion equations used in the fitting procedures. For both optical spectroscopy modes (SSM and TRS), the source-detector(s) arrangement plays a major role on the error values linked to the estimated optical coefficients l a and l 0 s . Thus, a limited fitting range on the measured steady-state reflectance curve may reduce the light distortion due to apple curvature, whereas a large sourcedetector distance allows to recover more accurately the internal optical properties from time-resolved measurements. However, the errors in the estimated absorption coefficients l a based on the use of the time-resolved spectroscopy seem more dependent on the apple size than those obtained with the steady-state method.
The preliminary investigation of the effects of the skin layer which surrounds the flesh provides some insight into the problem that such a layer produces in apple optical spectroscopy measurements. Interestingly, Monte Carlo simulations show that the skin does not significantly impact the time-dependent measurements when a sufficient source-detector distance is fixed at 15 mm. With this suitable source-detector tissue arrangement, it was also shown that photons involved in measurements probe the flesh at depths of 10-15 mm beneath the skin. This confirms that measurements on intact apple with time-resolved spectroscopy are more affected by the curved boundary than by the presence of the skin layer. The errors in the retrieved l a and l 0 s values of the flesh are also dependent on the true optical parameter sets which serve as input data of the Monte Carlo simulations. This suggests that the errors in the estimates are lesser for certain apple varieties than for others.
The retrieved internal optical parameters of an apple interrogated with the steady-state reflectance spectroscopy seem few influenced by the effect of the skin layer. This may be attributed to what the shape of the reflectance curves generated with and without skin remains practically identical, except for measurements close to the source. However, only one optical parameter set of the skin (adapted from the literature) has been used to find these results. We expect that the range of results that can be displayed is vast, so the full influence of combined effects on light transport due to variation of optical properties of each bulk layer still awaits investigation. Furthermore, it seems interesting to draw conclusions from inspection of the same intact apple with TRS and SSM techniques. This is the general view of the work we hope to report on at a later date.
